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Abstract 
An innovative laser cladding technology based on laser scanning is presented. The variable scan width allows 
adjusting the dimensions of the weld seams on-line in a broad range for a flexible adaption of specific requirements 
concerning the part´s geometry. Additionally, an enhancement of the deposition rate is achieved. Automated adaption 
of the laser power with regard to the processing speed allows for a constant weld seam quality in curves. 
Furthermore, the feasibility of replacing edges by weld seams and restoring the initial part geometry is demonstrated. 
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1. Introduction 
Modern production industry is increasingly facing the challenge to produce high-quality products 
adapted to customer requests while at the same time keeping production costs low. A possibility to fulfill 
these demands is the integration of different production technologies into a single machining platform so 
that complex high-quality products can be produced in an integrated process chain. In this way, 
reclamping operations are reduced and a higher quality and accuracy is achieved in a shorter time. Within 
the Cluster of Excellence »Integrative Production Technology for High-Wage Countries« in the project 
»Multi Technology Platform for Hybrid Metal Processing«, a conventional machining center was 
equipped with the laser technologies laser cladding and laser hardening. Objective of the research project 
is to demonstrate the high potential of function integration and process parallelization for production 
within small and medium sized lots. One of the main goals is the development of a laser scanner system 
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for wire-based laser cladding with dynamic laser beam oscillation for a significant increase of operation 
flexibility, process stability, efficiency and weld seam quality. 
2. State-of-the-art laser cladding 
Laser cladding is a process for deposition of material on surfaces to achieve a functional layer to 
increase the wear or corrosion resistance. In this way, a longer life-time for tools and dies can be obtained 
[1]. The additive material can be applied either in the form of powder or wire [2], whereby only wire-
based laser cladding is presented in this paper.  
The principle of this process is illustrated in figure 1. During the cladding process, the laser melts the 
additive wire material. The surface of the base material is just slightly melted to achieve a minimal 
dilution so that an unintentional alloying of base material and additive material is avoided. The minimal 
dilution is one of the main advantages compared to other deposition processes. After the laser irradiation 
has ceased, rapid solidification occurs due to the fast heat transfer into the bulk. Due to the rapid cooling 
rate (5·103 K/s to 106 K/s), phase transformations occur in the material. The properties of the layer thus 
depend on the solidification conditions.  
 
Fig. 1.  Schematic illustration of laser cladding by wire 
The resulting layer has high hardness, wear and corrosion resistance as well as a higher density and 
stronger bonding to the base material compared to competing processes [3,4,5,6,7]. Due to the low energy 
input into the substrate, distortion is minimized.  
A further advantage compared to other processes, like TIG-welding or thermal spraying, is the 
possibility to treat small areas by adequate control of energy and material input. Furthermore, automation 
and integration into robot-systems or machining systems is possible based on industry standards. Laser 
cladding, however, also exhibits some disadvantages compared to competing processes. The melting 
deposition rate is relatively low so that laser cladding is currently inefficient for large areas. Furthermore, 
for the treatment of complex parts, generally different optical systems are required which lead to high 
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investment costs and long changeover times. By contrast, the application of a laser scanner, which is 
presented here, allows varying the dimensions of the weld seams on-line in a broad range. This allows for 
a flexible adaption of specific requirements concerning the part´s geometry without changing the optical 
system, strongly reducing the costs. The scanner-based process combines the advantages of conventional 
laser cladding, as shown in figure 2, with a highly enhanced efficiency by a significant increase of the 
melting deposition rate, improved process stability, quality and a flexible weld seam geometry [8]. 
 
Fig. 2.  Advantages and principle of scanner-based laser cladding 
3. Laser processing unit 
For scanner-based cladding and hardening, a modular processing unit was built and integrated into a 
hybrid machining center prototype. The same unit can also be used for laser hardening, so that for both 
processes only a single optical setup and laser is required. In this way, investment costs are reduced and a 
flexible change between hardening and cladding without the need for reclamping is possible. 
The setup of the processing unit is illustrated in figure 3. The laser beam is guided over the workpiece 
by a 2-D laser scanner. A telecentric f-theta lens allows for the processing of a planar scanning field while 
maintaining orthogonal beam incidence. The motion of the laser spot within the scanning field can be 
flexibly controlled by software. This allows for the variable adjustment of the seam or track width for 
both applications, hardening and cladding.  
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Fig. 3.  Laser processing unit 
The wire feeding system for the supply of additive material has a hot-wire functionality which may be 
used to stabilize the melting process by local wire preheating. The change between hardening and 
cladding is enabled by the activation/ deactivation of the wire feeding and the engagement of the swivel 
kinematic for the wire nozzle. As laser source, a continuous wave high-power fiber laser with a maximum 
power of 2.4 kW at 1070 nm wavelength is used. For laser hardening and cladding, a machining plane in 
the defocused region of the laser beam is chosen as here only heat is transferred to the workpiece. The 
focus plane, where intensities exceeding the ablation threshold may occur, can be used for example for 
hole drilling.  
In order to identify the process limitations of scanner based laser cladding and to make this process 
applicable for industrial use, process investigations were performed. These investigations were carried out 
with the base material X38CrMoV5-1 and a similar wire material RC 44 from CRONITEX.  
For the conventional process using fixed optics, the heated area is determined by the size of the laser 
spot, so that the seam geometry can be only slightly adjusted. By laser beam scanning, the heat 
distribution can be optimized by adjusting the scanning motion. In the presented investigations, the used 
scanning geometry was ellipsoidal or circular and the laser spot moved meanderingly.  Other scanning 
geometries are also possible so that the heat transfer can be controlled and serves for the selective 
manipulation of the seam geometry by influencing the surface tension in the molten wire material. The 
resulting weld seam geometry can thus be adjusted within a certain range. 
4. Process investigations 
In line with the process investigations performed by Fraunhofer IPT, operation points with different 
weld seam geometries and therefore different applications were defined. For example, operation point 3 
(OP3) was defined exhibiting a weld seam height of 1.25 mm and a width of 4.6 mm. Due to the fact that 
the laser processing speed slows down when coating a small radius, the defined process parameters have 
to be adapted online to maintain the seam geometry and quality. Therefore, the correlation between laser 
processing speed and power for keeping the seam properties constant was investigated. The result for a 
weld seam of medium size (OP 3) is shown in figure 4. 
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Fig. 4.  Correlation between laser processing speed and laser power for constant seam geometry and quality 
Between 800 and 2000 W, the correlation is linear, this means the induced energy per unit length is 
constant. Below 800 W, the correlation becomes nonlinear and the energy input has to be increased. 
Reducing the processing speed below 67 mm/min results in deviations from the required geometry and in 
a reduced quality. This means that pores as well as an insufficient connection between additive and base 
material occur. Beside these investigations, further experiments concerning the possibility of repairing 
parts were performed. Here, a repair process was simulated by milling edges into a flat sample and 
afterwards depositing additive material by laser cladding to achieve the original geometry of the part. 
Figure 4 shows a cross-section of an edge, in this case just finished by face milling. For this sample, the 
finishing of the contour was not finally performed.  
Fig. 5.  Treatment of an edge 
Further investigations will be focused on the treatment of more complex parts and real tools or dies which 
are put in production. 
Simulated “ Repair” of  an edge
– Geometry of  the replaced edge before cladding was
1 mm x 2 mm
Process parameters
– Laser power PL : 1800 W
– Processing speed VL  :  300 mm/min
Base material X38CrMoV5-1
Addit ive wire material RC 44 (Cronitex)
– Similar material to base material
Weld seam without  pore or crack format ion
2 mm
Cutting line for
contour milling
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5. NC Programming and Feed Forward Compensation 
The flexibility that laser cladding gains by application of a scanner for beam guiding improves the 
efficiency of alternating between different welding processes by making changes in the lens assembly 
obsolete. The presented approach also permits switching between laser cladding processes by widening 
the scope of process parameters that can be programmed. Laser cladding processes may differ in their 
detailed process settings such as filler wire rate, laser power etc. which results in different weld bead 
widths or heights. Depending on the programmed laser power and scanning motion of the scanning 
system, the approach permits controlled adjustment of power densities across the welding area. The 
ability of programming a larger set of process parameters introduces the requirement of specifying 
appropriate parameter combinations in every program. The programmed scanner motion must be chosen 
accordingly with the laser power, filler wire rate and process speed in order to succeed in reliably 
producing a welding bead geometry that was found during process qualification. With process data like 
the operation point shown in figure 4, the amount of process data that needs to be programmed increases 
significantly.  
By integrating the laser processing unit (figure 3) and an industrial robot into a multi-technology plat-
form [9], a CNC (Computerized Numerical Control) system was available to serve as a master control 
system. With the laser processing unit and the robot being linked to the master control as slaves, process 
control functions could be implemented on the CNC. It could also provide programmer support 
functionality at a single point of access. Each set of parameters that enables a specific laser cladding 
process was stored in a data structure which effectively encapsulates an entire laser cladding operation 
point. The laser power settings, process speed, filler wire rate and scanner system motion program is 
stored on the CNC system and can be referenced as operation points. The NC programmer can hence 
simply invoke a control cycle to select an operation point for setting the process parameters and focus on 
programming the desired contour of the welding bead. For lines and circular arcs welding, control cycles 
were implemented which provide the NC programmer with all means to produce geometric features 
covered by the core of DIN/ISO standardized G-code. Online compensation of the laser power according 
to actual values of processing speed was implemented with synchronous action technology of the CNC 
system. Synchronous actions allow computations to be performed in the interpolation cycle of the CNC 
system (4 ms) and provide read access to the actual processing speed at the programmed Tool Centre 
Point (TCP). This can then be used to compute compensated and synchronized set points for laser power. 
By implementing an appropriate set of synchronous actions, the characteristic curve (figure 6) for 
adjusting laser power to deviations from the programmed process speed can be compensated. Due to the 
interpolation cycle time of 4 milliseconds, the CNC controller ensures that deviations are compensated 
almost instantly. 
The compensation mechanism is designed to cover any characteristic function that resembles the one 
displayed in figure 4 by a parameterized equation set. The approximation used for compensation is based 
on the following assumptions: There is a maximum combination of process speed F3 and laser power Pmax 
which cannot be reliably exceeded with the given equipment. As process speed is decreased to F2, 
providing a stable process requires laser power to scale linearly down to laser power P2.  Slowing down 
further requires a relatively higher laser power input into the process than at process speeds between F2 
and F3. Below a certain process speed F1, a minimal and constant laser power Pmin must be provided to 
sustain the welding process.  
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Fig. 6.  Generalized feed-forward compensation function for real-time actual-value operation 
Based on the described three power levels Pmin, P2, Pmax and three process speeds F1, F2 and F3, a 
parametric fit can be provided. Beyond F1 and F2, laser power is held constant. Between F2 and F3, laser 
power is interpolated linearly, while it is adapted with a polynomial between F1 and F2. The computations 
can be summarized as follows: 
 
Factual < F1:   Pset = Pmin 
F1 < Factual < F2:  Pset = f(Factual)  
with f(Factual) = a0+a1·(Factual-F1)+a22 · (Factual-F1)2  
and a0, a1, a2 such that  
f(F1)=Pmin, f(F2)=P2, f’(F1)=0 and f’(F2) = (Pmax-P2)/(F3-F2) 
F2 < Factual < F3: Pset = (Factual-F2) · (Pmax-P2)/(F3-F2) + P2 
F3 < Factual:  Pset = Pmax 
 
For a given characteristic, the coefficients of the compensation polynomial and the linear interpolation 
segment can be computed and stored along with the operation point data. The synchronous actions on the 
CNC controller then perform the compensation based on the actual value of the processing speed in real 
time. The approach provides a way to efficiently compute process data for welding operations to the NC 
programmer and ensures that the CNC system compensates for deviations in process speed. 
6. Summary 
By laser beam oscillation, the flexibility of laser cladding concerning the weld seam geometry can be 
significantly enhanced as was demonstrated in process investigations. Furthermore, this process was 
shown to be suitable for the repair of parts and the generation of complex weld seam geometries. The 
possibility to perform laser cladding and hardening as well as milling in a single clamping, demonstrates 
the potential of the hybrid processing centre for efficient processing of complex parts. This involves 
however an increased complexity of the programming and operation of the machining center. Therefore, 
process control functions were implemented to provide programmer support. The presented approach 
offers a way to efficiently provide process data for laser cladding operations to the NC programmer. It 
ensures that the CNC system compensates for deviations in process speed, which occur for radii, by 
flexibly adopting the laser power. 
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